N
anofabrication is a key underpinning technology in nanoscience. Self-assembled monolayers (SAMs) 1À4 provide a powerful and versatile means by which to control interfacial molecular structure and interactions, and the modification of SAMs at nanometer length scales has attracted widespread attention during the past two decades. 5 A variety of approaches has been developed, including dip-pen nanolithography, 6À12 nanoshaving, and nanografting, 13À15 local oxidation, 16, 17 electron beam lithography, 18À21 microcontact printing, 22À24 and scanning near-field lithography (SNP), 25À29 all of which have been employed successfully to pattern SAMs at better than 100 nm resolution. The control of protein organization on sub-100 nm length scales presents particular challenges. 9,20,23,30À40 Proteins are able to adsorb strongly to most surfaces, because they display a wide variety of functional groups (charged and uncharged, cationic and anionic, hydrophilic and hydrophobic) and because they exhibit substantial conformational freedom. The first requirement for protein patterning is thus an effective means to control nonspecific adsorption. A number of approaches have been reported in the literature, but the most widely used ones have been based around poly(ethylene glycol) 41 and its derivatives, including oligo(ethylene glycol) (OEG)-terminated SAMs, 42À48 plasma-polymerized films,
49À51
and poly(oligoethylene glycol methacrylate) brushes.
52À54
One approach to protein patterning is to form a protein-resistant surface and then selectively introduce protein-binding regions. For example, protein-resistant OEGfunctionalized nitrophenylethoxycarbonylprotected silane films have been selectively deprotected by near-field optical methods to expose amine groups that may be derivatized by biotin and then streptavidin, 40 and OEGfunctionalized SAMs have been patterned by near-field lithography to create regions into which proteins may be introduced. 55À57 However, control of protein conformation following binding to a surface remains challenging: not only is it difficult to control the orientation of the biomolecule, but additionally, ensuring the retention of protein activity following immobilization on nanostructured surfaces is difficult because of the propensity for immobilized proteins to undergo conformational changes. Moreover, the choice of substrate can be important: biological systems are typically interrogated by optical techniques that rely on the transmission of light through a specimen; substrates such as gold and Si are problematic because of their opacity, and gold and other metals also quench fluorescence. Glass is the ideal substrate for investigations of biological systems. Comparatively few examples exist in the literature of the site-specific localization on nanometer-scale regions of proteins, accompanied with a demonstration of retention of conformation. One example is the use of near-field photodegradation of poly(ethylene glycol)-functionalized SAMs on glass by Reynolds et al., who derivatized the patterned features with nitrilotriacetic acid and, after complexation with nickel, bound histidine-tagged yellowfluorescent protein to the surface. 57 The present study describes a simple generic method for patterning SAMs based on the photocatalytic degradation of adsorbates, in which a local probe, either an apertured scanning near-field optical microscope (SNOM) probe, or an AFM probe, coated with titania, is utilized to cause localized photodegradation. In the latter mode, the approach is capable of implementation on any commercial AFM system. The use of a photocatalytic lithographic process means that the approach is applicable to any substrate coated with an organic film.
The photocatalytic properties of titania are wellknown 58À60 and are exploited in commercial applications such as self-cleaning glass. 58 When TiO 2 is illuminated by photons with energies equal to or greater than its band gap, the absorbed UV light excites electronÀhole pairs in the TiO 2 layer, which react with oxygen molecules and water to generate highly reactive species, including hydroxyl radicals and excited oxygen species, which have strong oxidative power to decompose organic matter. Remote TiO 2 photocatalytic lithography has been used previously to degrade silane and thiol self-assembled monolayers 61À66 to obtain surface chemical gradients 61 and to pattern enzymes and cells on the surface. Recently, this technique was used for cutting graphene sheets into arbitrary shapes, layer by layer thinning of the multilayer graphene sheets, and local oxidation. 67 However, it has not been regarded previously as a nanofabrication tool. The novel step in the present work is the use of a Ti-coated AFM probe to execute sub-100 nm patterning in a SAM. This important modification makes photocatalytic nanolithography possible on any commercial AFM system. The experimental procedure is depicted schematically in Figure 1 . Two alternate procedures were employed. In the first, light from a HeCd laser was incident on the back face of a subwavelength aperture in a SNOM probe that had been coated with a thin film of titania (formed by ambient oxidation of a thin Ti film). ElectronÀhole pair generation was initiated at the front face of the TiO 2 coating by the near-field associated with the aperture, leading to the localized creation of reactive species that could be used to pattern a SAM. In the alternate arrangement, an AFM 
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probe was coated with a thin film of Ti. After formation of the native oxide at the Ti surface by ambient oxidation, the probe was illuminated by light from the HeCd laser in close proximity to a SAM, leading to localized photocatalytic degradation of the organic layer. In both cases, annealing of the native oxide film was required, in order to form the catalytically active anatase phase; results were poor for probes that were not annealed. Here we report results obtained by both techniques during the degradation and replacement of alkylthiolates on gold, and during the selective degradation of protein-resistant OEG-terminated silane films on glass (Figure 1 ).
RESULTS AND DISCUSSION
Photopatterning of Alkylthiolate SAMs. Alkylthiolate SAMs were patterned by apertured photocatalytic nanolithography (PCN). The operation of the instrument in this mode is shown in Figure 1a , and the lithographic process is shown in the schematic in Figure 1c . The apertured probe, illuminated from above at 364 nm, was traced across the sample. Excitation of the titania film covering the aperture caused formation of reactive species beneath the aperture that caused photocatalytic modification of the alkylthiolate SAM, resulting in removal of adsorbates. Figure 2a shows lateral force microscopy (LFM) images of a series of lines written into a carboxylic acid terminated SAM in this way, followed by immersion in a solution of dodecanethiol in ethanol. Figure 2b shows two lines at higher magnification, and a line section through one of the lines is shown in Figure 2c . The hydrophobic dodecanethiol molecules have adsorbed to regions of the surface from which the 11-mercaptoundecanoic acid has been removed by photocatalytic degradation. This gives rise to differential contrast over the two different regions of the surface: the friction force measured under ambient conditions over the hydrophobic SAM is smaller than that measured for the carboxylic acid functionalized adsorbates, so the lines exhibit darker contrast than the surrounding surface, because the friction force (proportional to the lateral deflection of the AFM probe) is smaller in these regions than in those where the carboxylic acid terminated thiolates are intact. The line width in Figure 2 , determined as the full width at half-maximum height (fwhm) of a line section through the lateral force image, was 146 nm. The mean of 10 different features fabricated in the same way was 129 ( 11 nm. While the diameters of the apertures in the near-field probes were not measured routinely after Ti deposition, random samples of uncoated probes yielded aperture sizes of about 130 nm, suggesting that the feature size was limited by the aperture size in the probe. Figure 2d shows lines that have been formed in a SAM of dodecanethiol. The titania-coated aperture probe was translated across the monolayer, causing localized photocatalytic degradation of the methylterminated adsorbates. Following immersion of the sample in a solution of 11-mercaptoundecanoic acid in ethanol, the polar molecule adsorbs to the regions of bare gold created by degradation of dodecanethiol. In the lateral force image in Figure 2d , these carboxylic acid-functionalized regions exhibit brighter contrast than the surrounding methyl-terminated regions, consistent with the expected larger friction force for the polar SAM under ambient conditions. Figure 2e shows a region of the pattern in Figure 2d at higher magnification, and the accompanying line section (Figure 2f ) reveals that sub-100 nm resolution is feasible, possibly as a result of partial occlusion of the aperture in the near-field probe by the Ti coating. The mean fwhm of 10 features fabricated in this way was 86 ( 10 nm.
The attainment of such high resolution was unexpected, because the reactive oxygen species formed at the titania surface by UV illumination are expected to be reasonably mobile. Diffusion of active species outside the area defined by the aperture in the near-field ARTICLE probe might be expected to cause feature broadening. However, in this case, it is clear that no significant broadening has occurred. We speculate that active oxygen species are quickly deactivated by collisions with air molecules, reducing their effective range, and meaning that modification occurs only directly beneath the aperture.
In previous reports of scanning near-field photolithography by exposure to a near-field probe coupled to a frequency-doubled argon ion laser it was shown that excellent resolution could be achieved. However, a limitation was that the methodology relied upon the excitation of a very specific pathway. In the case of alkylthiolates, this was hot-electron excitation, leading to tunneling into an antibonding orbital of the adsorbate headgroup, a mechanism that was highly specific to the particular adsorbate/substrate combination under investigation. However, the present approach is entirely generic: because it relies upon the photocatalytic degradation of organic matter, it is, in principle, applicable to any film of organic molecules formed on any inorganic substrate.
To illustrate the generic nature of PCN, patterns were fabricated in a film of OEG-silane on glass. Moreover, rather than using an aperture probe, a titaniacoated AFM probe was used as the excitation source in this case, as shown schematically in Figure 1b . The probe was brought into proximity with the silane film, and illuminated by a HeCd laser (325 nm) aligned at grazing incidence to the sample surface. The probe was translated across the sample surface, causing localized degradation of the adsorbates, and the sample was characterized by LFM. Figure 3a shows a low-magnification image of a large area containing 10 lines approximately 25 μm long. Figure 3b shows three lines at higher magnification, and Figure 3c shows the mean section through a portion of one line (marked with a box), revealing an fwhm of only 55 nm. Line widths in the range 50À70 nm were achieved repeatably and the mean of 10 measurements on different structures was 63 ( 9 nm. Such high resolution was unexpected. As noted above, reactive oxygen species generated by electronÀhole recombination mechanisms at the titania surface were expected to be capable of diffusion through the gas-phase, and an AFM probe represents an even less well-confined excitation source than an aperture. The explanation postulated above, that excited oxygen species may only diffuse short distances before collisional deactivation, seems apposite in the present case too; presumably the mean free path is sufficiently small that only organic groups that are close to the apex of the probe are degraded, and only a small area at the apex of the probe, in very close proximity with the surface, is able to cause significant degradation of the organic layer.
To fabricate the patterns shown in Figure 3 , the probe was mounted in a WiTec R-SNOM near-field microscope, which has a convenient open architecture. However, the optical capabilities of the instrument were not utilized and it was simply used to scan the cantilever probe. It is anticipated that similar results could be achieved with any atomic force microscope that had a sufficiently open architecture to allow a laser beam to be directed at the tipÀsample contact.
Although the features formed by PCN are clearly visible in Figure 3 , the contrast between modified and virgin regions in the lateral force microscopy images is not strong. This was expected, based on previous work in this laboratory, which has shown that UV-degradation of OEG-silane films causes elimination of ethylene glycol groups and the formation of aldehyde and carboxylic acid functional groups.
57,68À70 The mechanism is thought to be similar to that for the photodegradation of OEG-functionalized thiols and polymers. 68, 69 Because the OEG-silane is hydrophilic and has a lengthy and readily deformable oligo(ethylene glycol) chain, it exhibits a comparatively large friction coefficient; while this is increased by degradation of the EG chain, the magnitude of the change is modest. It was hypothesized that photocatalytic degradation may yield similar surface chemistries to those formed by other degradation processes, which have been shown to enable functionalization of oligo(ethylene glycol) type surfaces by aminobutylnitrilotriacetic acid (ABNTA) via the reaction between an amine on the The patterns formed by apertureless photocatalytic degradation were treated with ABNTA, therefore, to yield an NTA-terminated surface for subsequent bioconjugation. It was hypothesized that the carboxylate groups on the NTA moiety would yield a high surface free energy, enhancing the contrast in lateral force images. Figure 4a shows a sample that, after nanolithography, has been cleaned by sonication in hexane and then functionalized with ABNTA. The contrast difference between the modified and virgin regions of the surface is enhanced relative to the images shown in Figure 3 , confirming that the highly polar NTA functional groups provide an additional increase in the coefficient of friction measured for the modified regions of the surface as expected. The effect of the writing rate on the lithographic process was also examined. Writing rates of between 1.8 and 4.0 μm s À1 were used. All samples were treated with ABNTA to enhance the contrast in lateral force microscopy. At 1.8 and 2.5 μm s À1 (Figure 4a and b, respectively) there was no significant difference in the continuity of the lines, the contrast difference between the features and the surrounding surface, or the line width (fwhm 75 ( 10 nm in Figure 4a and 84 ( 10 nm in Figure 4b ). However, when the writing rate was increased to 4.0 μm s À1 , the contrast difference between the features and the surrounding surface weakened and the lines became discontinuous in places. The line width remained unaltered within the limits of experimental error (fwhm 99 ( 20 nm). Apertureless PCN thus appears unsuited to very high-speed processing but is capable of being implemented at rates comparable to those employed in most other types of local probe lithography that are used to pattern organic thin films. The apparent lack of a dependence of the feature size on the writing rate suggests that the lithographic process requires close proximity between the probe and the sample, so that the radius of curvature of the probe may have a strong effect on the resolution achievable. To test that photocatalytic lithography was indeed being observed and not probe-induced mechanical modification of the surface, the laser beam was blanked regularly. Figure 4d shows an example of the behavior observed. The probe was initially located near the center of the region shown in Figure 4d , and moved diagonally toward the top right corner of the region. Three ∼25 μm lines were written at a spacing of about 2.5 μm, before the laser was blanked after writing the third line (bottom right of Figure 4d ). Writing was quickly extinguished.
The features shown in Figures 3 and 4 formed by apertureless PCN were functionalized with ABNTA, leading to enhanced friction contrast. Complexation of NTA-functionalized surfaces with Ni 2þ enables binding of histidine-tagged proteins, a convenient surface bioconjugation strategy because of the ease with which His-tags may be introduced to many proteins using molecular biology techniques and because of the strength and specificity of their coordination to nickelÀNTA complexes. In the present case, the feasibility of using apertureless PCN to form protein nanopatterns was investigated by writing features in an OEG-silane film, attaching ABNTA and complexing the surface with Ni 2þ . The samples were imaged by lateral force microscopy to check feature sizes. The line widths were confirmed to be about 70 nm. The samples were then immersed in a solution of His-tagged green fluorescent protein (GFP) in buffer for 18 h and characterized by scanning laser confocal microscopy ( Figure 5 ). Figure 5a shows a low magnification micrograph of a ∼300 Â 300 μm 2 region containing, in the lower right quadrant of the image, a pattern fabricated by apertureless PCN. The remainder of the surface is dark, indicating an absence of nonspecific adsorption of protein, with the exception of a small number of bright points that probably result from the deposition of isolated proteins or small aggregates of protein. At low magnification, the narrow GFP features are just visible (Figure 5a ). Figure 5b shows the pattern in Figure 5a at higher magnification. The lines fabricated by apertureless PCN are clearly visible against the dark background presented by the protein-resistant OEGsilane. Although the lines appear broadened in the fluorescence micrographs because of the resolution limit inherent in a conventional optical characterization tool, it is significant that the very bright contrast difference between the GFP-functionalized nanolines ARTICLE and the surrounding surface is being observed for features that are only 70 nm wide. This suggests that the density of attachment of the protein is high and also that the conformation of the protein is largely preserved following complexation to the surface (fluorescence in GFP is conformation-dependent 71, 72 ). Figure 5c shows a second set of patterns fabricated by apertureless PCN, and Figure 5d shows the upper pattern at higher magnification. Very clear contrast is again observed between the nanolines, which exhibit strong fluorescence, and the OEG-silane surface, which predominantly exhibits a very dark contrast. A small number of bright points are observed that probably result from the deposition of isolated proteins or small aggregates of protein, together with a band of weak fluorescence running parallel to the long diagonal from the center of the pattern in Figure 5d to the lower right-hand corner. The origin of the latter feature is unclear, but the line results from the rapid motion of the cantilever from its initial rest point (the center of the patterned area) to the starting position for writing lines, and it is possible that torsion of the cantilever as a result causes a localized modification in the exposure mechanism, yielding a broader band of low-intensity modification. The majority of the isolated features are objects that are much smaller than the protein-functionalized lines. Given that those lines are at most 8À10 protein molecules wide, the majority of these isolated points are probably single molecules, their size determined by the point-spread function of the microscope. Three features are observable in the lower right-hand quandrant of Figure 5d that are slightly brighter, but they are still smaller than the main lithographic features, and they possibly represent small aggregates of molecules. This indicates, in general, an exceptionally low level of nonspecific adsorption given that at monolayer coverage the region shown in Figure 5d would contain some 10 7 proteins.
Fluorescence images could not be formed from patterns when the ABNTA attachment step was omitted from the process, suggesting that the protein binding was site-specific. When patterned, ABNTA-functionalized nanolines were immersed in solutions of His-GFP for short periods of time, there was little coupling of GFP to the surface. This suggests that degradation of the OEG-silane during the lithographic experiment was not complete; some intact OEG groups remained at the surface and conferred a measure of protein-resistance even after lithographic modification. Consequently, it was necessary to immerse the patterned samples in GFP solutions for lengthier time periods (overnight) to achieve extensive functionalization of the surface. Similar behavior, where a balance can be achieved between lithographic modification to enable the introduction of protein-binding functional groups and retention of resistance to nonspecific adsorption, has been reported previously for other PEGylated systems (including photodegradation of OEG-silanes and in the patterning of silanes protected with OEG-functionalized nitrophenyl groups). 40 For bioconjugation of nanostructures, this is an important benefit because it ensures that patterns result predominantly from site-specific immobilization through HisÀNTA interactions.
CONCLUSIONS
Photocatalytic nanolithography can be used to pattern organic thin films and monolayers at the nanoscale using either an apertured approach, in which a scanning near-field optical microscope probe is coated with a thin film of titania, or an apertureless approach, in which a titania-coated AFM probe is illuminated by a laser beam (HeCd laser, 325 nm) aligned orthogonal to the tip and at grazing incidence to the resist layer. Probes are fabricated easily by thermal evaporation of a thin Ti film and ambient oxidation to yield the oxide. Photocatalytic degradation enables the removal of alkylthiolates from gold surfaces and their replacement by contrasting alkylthiolates. OEG-silane films may be degraded to yield narrow features that, following complexation with aminobutyl nitrilotriacetic acid and Ni 2þ , may be used to immobilize His-tagged green fluorescence protein. Although the photocatalytic process relies on the creation of excited oxygen species close to the titania surface, it is thought that the mean free paths of these species prior to deactivation by collision with air molecules are small, meaning that the photocatalytic process is highly localized. Consequently, feature sizes in the range 50À70 nm were achieved repeatably, even in apertureless photocatalytic nanolithography. A particularly attractive feature ARTICLE of this approach is that it is feasible, in principle, on any atomic force microscope, provided it has sufficient optical access to enable direction of a laser beam at the probe. All glassware used in the formation of SAMs was first cleaned by submersion in piranha solution, a mixture of 30% hydrogen peroxide and 95% concentrated sulfuric acid in the ratio 3:7 for at least 40 min. (Caution: Piranha solution is an extremely strong oxidizing agent which has been known to detonate spontaneously upon contact with organic material.) The glassware was rinsed thoroughly with deionized water (Elgar Nanopure, 18.2 MΩ) a minimum of six times and then sonicated for 10 min before being placed in the oven (approximately 80°C) and left overnight to dry.
METHODS
Substrates (glass slides/silicon wafers) were subjected to an additional cleaning step. Before submersion in piranha solution, they were first cut to size using a diamond-tipped scribe and then sonicated in toluene, acetone, and deionized water for 15 min, respectively. After treatment with piranha solution, the substrates were rinsed with deionized water and then submerged in the RCA (Radio Cooperative America) type 1 cleaning solution, a 1:1:5 mixture of 30% hydrogen peroxide, ammonium hydroxide (28À30% NH 3 basis), and deionized water at 80°C. The substrates were then rinsed thoroughly before being placed in the oven to dry.
The substrates for formation of alkanethiolate self-assembled monolayers were prepared by evaporating 5 nm Cr and 20 nm Au onto clean glass microscope slides. The substrates were immersed in a 1 mM solution of appropriate thiol (dodecanethiol or 11-mercaptoundecanoic acid) in ethanol for 24 h. The substrates were then rinsed in clean ethanol repeatedly and dried with nitrogen.
The substrates for PEG-silane monolayers were glass microscope slides or Si wafers. To reduce the extent of silane polymerization in solution, leading subsequently to the formation of an uneven multilayer, the preparations were carried out in moisture-controlled conditions. All glassware and substrates were dried in an oven overnight before use. The substrate (glass slide/silicon wafer) was placed in a Schlenk tube sealed with a septum. The tube was purged three times by filling with nitrogen followed by evacuation. Dry toluene was degassed with nitrogen for approximately 20 min. The substrates were then immersed in a 1 mM solution of OEG-silane and left for 2 h. The substrates were rinsed with ethanol, sonicated in toluene for 10 min, and rinsed again with ethanol. Substrates were then dried under a stream of nitrogen, placed under vacuum at 120°C, and left to anneal for 1 h. Nanolithography was carried out using two instruments. Patterning using apertured probes was carried out on a home-built parallel near-field lithography instrument, the "Snomipede", that is capable of controlling near-field lithography by up to 16 probes in parallel. The instrument has been described in detail elsewhere. 29 For this instrument, AFM-type probes, consisting of rectangular cantilevers with hollow pyramidal tips at their apexes (WiTec GmbH) were employed. Light from a continuous-wave laser beam (Innova I328, 364 nm, Coherent, Ely, U.K.) was coupled to a SNOM probe, and the probe was traced across the sample to modify lines of adsorbates. For apertureless photocalytic lithography, a WiTec R-SNOM system was used. Standard contact mode AFM probes with force constants from 0.12 to 0.35 N m À1 were coated with a 15À20 nm thick Ti layer by thermal evaporation. The coated probes were annealed in air at 450°C for 30 min to allow formation of a native oxide layer. Annealing likely produces the photocatalytically active anatase phase, and was essential for good lithographic results. The probes were excited by light from an HeCd laser (325 nm, Kimmon IK3202R-D), which was first expanded (to a cross-sectional area of approximately 1 cm 2 ) and then directed at the sample-probe gap with an angle of incidence of almost zero degrees between the laser beam and the sample surface.
After photocatalytic nanopatterning, the n-alkanethiolate self-assembled monolayers were rinsed in ethanol and modified regions were backfilled by dipping the samples for 10 min in a 10 mM solution of either 11-mercaptoundecanoic acid (for dodecanethiol SAMs), or dodecanethiol (for 11-mercaptoundecanoic acid SAMs) for 2h. The samples were then rinsed with clean ethanol and nitrogen dried. After patterning of the OEGsilane films, they were derivatized by exposing them to a 20 mM aqueous solution of AB-NTA for 2 h. The samples were then cleaned with deionized water and blown dry with nitrogen. For attachment of histidine-tagged green fluorescent protein (His-GFP), the samples were first immersed in a 10 mM aqueous solution of nickel sulfate for 5 min to ensure complexation of NTA by Ni 2þ . The samples were washed thoroughly with deionized water and blown dry with nitrogen with to remove excess Ni 2þ ions present on surfaces. The samples were then immersed in His-GFP solution diluted with 20 mM Tris buffer in the ratio of 1:20. The surfaces were left immersed in the protein solution for 24 h in a humid chamber. The samples were then gently washed by repeatedly dipping in deionized water and 1 mM aqueous KCl solution and blown dry with a gentle nitrogen flow.
Patterned samples were characterized by atomic force microscopy and lateral force microscopy (LFM) using a Veeco Nanoscope IV Multimode AFM system. For contact mode imaging, silicon nitride probes (Nanoprobes, Veeco) with average spring constants 0.06 or 0.12 N m À1 and nominal tip radii between 20 and 60 nm were used. For tapping mode measurements, silicon probes with nominal force constants of 20À80 N m À1 were used. GFP patterns were characterized by scanning laser confocal microscopy, using a LSM 510 Meta laser scanning confocal microscope (Carl Zeiss, Welwyn Garden City, U.K.). The samples were mounted in a glycerol/PBS-based antifade solution (Citifluor AF1, Agar Scientific, U.K.) and observed with 40Â and 63Â oil immersion objectives (numerical apertures of 1.30 and 1.40, respectively). A small drop of immersion oil (Immersol 518 F, Zeiss) was placed on the slide in the center of the lighted area. All fluorescence images were analyzed using Zeiss LSM image browser software.
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